1. Introduction
===============

Since being introduced roughly two centuries ago for smallpox, vaccines have significantly contributed to human health as one of the most effective tools in preventing and treating fatal diseases. Traditionally, either whole inactivated or live attenuated microorganisms are injected, however, this method sometimes leads to side effects that range from mild to unacceptable. Recently, purified or recombinated macromolecules of pathogens, such as surface proteins or polysaccharides, have been used increasingly in clinical trials to minimize the possible side effects. As additional knowledge of the workings of the immune system on a molecular level is acquired, more efforts can be directed towards the development of highly efficient but safe vaccines for diseases such as AIDS and cancers that have previously eluded treatment via vaccination [@bib1], [@bib2], [@bib3]. Cancer immunotherapy has been identified as one of the most plausible alternatives to conventional chemotherapy, radiotherapy, and surgery as it possesses many unique advantages. These include highly specific delivery to targeted cells, memory to pre-immuned diseases, and simple administrations (e.g., injection, inhalation of aerosol vaccine, and skin patch) [@bib4]. As more detailed information of the mechanism of the disease becomes available, the delivery of therapeutic molecules has become one of the most important targets for the development of a successful vaccination strategy.

Activation of the immune system by a vaccine requires (i) the delivery of a sufficient amount of antigen to antigen presenting cells (APCs, macrophages and dendritic cells), (ii) the controlled presentation of antigen molecules to target immune cells (CD4^+^ and/or CD8^+^ T cells), (iii) the proliferation of effector cells such as cytotoxic T lymphocytes (CTLs) and plasma B cells, and (iv) the maintenance of an activated immune system for the desired period of time [@bib5]. However, no universal vaccine system displaying all of these requirements has been developed thus far. To deliver antigens to phagocytic APCs, various delivery systems such as liposomes, microparticles, and nanotubes have been studied [@bib6], [@bib7], [@bib8]. Using these delivery vehicles, the antigens mixed with adjuvant molecules, such as bacterial lipopolysaccharide (LPS), have demonstrated prolonged immune responses and increased local inflammation [@bib9].

Once internalized, antigens are processed by either an endogenous or an exogenous pathway. Endogenous antigen-derived peptides are presented on major histocompatibility complex (MHC) class I molecules, which activate a cytotoxic T lymphocyte (CTL)-mediated immune response, or cellular immunity, after binding to T cell receptors. In contrast, an antibody-mediated response, also referred to as humoral immunity, is activated through exogenous antigen-derived peptide/MHC II complexes on APCs. Therefore, it is presumed that a desirable immune response can be achieved by controlling the antigen presentation pathway and cellular immune response has been reported to be more effective in removing infected cells and cancers than humoral immunity [@bib10]. In previous studies, it has been shown that an increased MHC I antigen presentation can be achieved by priming APCs with antigen-encapsulating acid-degradable nanoparticles, which degrade at acidic pH following phagocytosis to release the antigens into the cytoplasm [@bib11], [@bib12], [@bib13].

In this study, a model antigen, ovalbumin, was encapsulated in cationic acid-degradable nanoparticles. Incubation with the most potent professional APCs, dendritic cells (DCs), resulted in an increased endocytosis of the nanoparticles and presentation of ovalbumin on MHC I molecules by DCs. It was also shown that maximized immune responses might be achieved simply by coating adjuvant oligonucleotides on the cationic surface of the nanoparticles.

2. Materials and methods
========================

2.1. Preparation of acid-degradable cationic nanoparticles
----------------------------------------------------------

The degradable nanoparticles were prepared by an inverse microemulsion polymerization method as follows. Non-ionic surfactants (3 : 1 Span 80 : Tween 80, Aldrich, St. Louis, MO), were dissolved in hexane at the concentration of 10% (w : w), and air was removed by sparging with dry nitrogen overnight. An aqueous solution of monomers was prepared by dissolving acrylamide (Biorad, Hercules, CA), 2-acryloxyethyltrimethylammonium chloride (AETMAC, Aldrich), 5 mg ammonium persulfate (APS, Biorad), and acid-labile benzyl acetal cross-linker [@bib13] in 200 μL of phosphate buffered saline (PBS, pH 8.0) containing 10 mg/mL of ovalbumin (Sigma, St. Louis, MO). The aqueous solution of monomers was combined with 20 mL of the organic surfactant solution. After vigorously shaking the mixture for 1 min, polymerization was initiated by the addition of 20 μL of *N*,*N*,*N*´,*N*´-tetramethylethylenediamine (TEMED, Sigma). The mixture was stirred for 10 min before adding an excess of acetone (1.5--2 times the volume of the organic surfactant solution) to settle the clumped nanoparticles, followed by an additional 10 min of gentle stirring. After standing 1 h, the precipitated pellet was washed once with acetone and dried under vacuum overnight. By changing the ratio of AETMAC to acrylamide, various cationic nanoparticles were prepared at a fixed crosslinking ratio of 5%. For comparison, non-degradable polyacrylamide nanoparticles were made using acrylamide and *N*,*N*´-methylenebisacrylamide (Biorad).

2.2. Nanoparticle characterization
----------------------------------

The size and surface charge of the nanoparticles were measured using a dynamic light scattering (DLS) particle sizer and zeta potential analyzer (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). The nanoparticles were suspended at 1 mg/mL in pH 7.4 PBS (Gibco BRL, Bethesda, MD) for the size measurement and in pH 7.5 buffer made of 5 mM HEPES and 1 mM NaCl for zeta-potential analysis. For transmission electron microscopy (TEM), the nanoparticle suspension in PBS was spotted onto a formvar/carbon grid (Ted Pella, Redding, CA). After 5 min the grid was washed with distilled water twice and then dried at room temperature for 2 h. To minimize hydrolysis of the particles, the samples were examined immediately after drying with a Philips Tecnai 12 transmission electron microscope with 100 kV. The diameters of 100 randomly chosen nanoparticles were estimated from the TEM image by using NIH Image (version 4.02, NIH, Bethesda, MD). The amount of protein encapsulated was determined using ovalbumin that had been conjugated with pH-insensitive cascade blue dye (Molecular Probe, Eugene, OR). The labeled protein was prepared according to the protocol provided by the manufacturer. The particles were hydrolyzed by incubating with 300 mM acetic acid buffer pH 5.0 for 3 h at room temperature. Ovalbumin concentrations were quantified by measuring the cascade blue fluorescence, obtained by exciting the solutions at 355 nm and detecting the emitted 405 nm wavelength using a fluorescence plate reader.

2.3. Bone marrow-derived dendritic cells (BMDCs)
------------------------------------------------

Dendritic cells were obtained using a slightly modified literature procedure [@bib14]. Briefly, femurs and tibia of 2--4 month old female C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were extracted after euthanasia, and the bone marrow was flushed out using a 26 gauge needle with 5 mL of RPMI1640 medium supplemented with 10% (v/v) fetal bovine serum (FBS) (Hyclone, Logan, UT), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM [l]{.smallcaps}-glutamine, 1 mM sodium pyruvate, and 55 μM 2-mercaptoethanol (all from Gibco). After the red blood cells were removed by treating with RBC lysis buffer (Gentra Systems, Minneapolis, MN), the remaining cells were cultured with the medium given earlier and further supplemented with 5% (v/v) of granulocyte-macrophage colony stimulating factor (GM-CSF)-containing supernatant, a generous donation from Dr. Edward James (UC Berkeley) [@bib15]. After 7 days of cultivation in a 6-well plate, the suspended cells were inoculated onto a 96-well plate in the density of 5 × 10^4^ cells/well.

2.4. Antigen presentation assay
-------------------------------

The amount of presented ovalbumin-derived peptide OVA~258--265~ (or SIINFEKL) with MHC class I molecule (K^b^) was measured by an in vitro cellular assay and an immunoassay. BMDCs were incubated with varying amounts of ovalbumin-loaded nanoparticles for 6 h and then washed extensively with pH 7.4 PBS. B3Z CD8^+^ T cell hybridomas (1 × 10^5^ cells/well) were co-incubated overnight with BMDCs. This hybridoma expresses lacZ upon binding of the T cell receptor (TCR) to SIINFEKL/K^b^ [@bib16]. The medium was replaced with 100 μL of CPRG buffer containing 91 mg of chlorophenol red β-D-galactopyranoside (CPRG, Roche, Indianapolis, IN), 1.25 mg of NP40 (EMD Sciences, La Jolla, CA), 9 mL of 1 M MgCl~2~ (Aldrich), and 1 L of PBS. The amount of the lacZ enzyme was quantified by the hydrolysis of CPRG, which produces chlorophenol red absorbing at 595 nm. The quantity of SIINFEKL/K^b^ was calculated by comparison with the UV absorption values obtained from free SIINFEKL peptide incubated with DCs as a reference. To minimize the pH drop that might result from lactic acid accumulation, particles were added in fresh medium and incubated with DCs for 1 and 6 h for the particle uptake and antigen presentation experiments, respectively. No change in color of the medium was observed during these experiments suggesting that no significant pH change had taken place since a slight pH drop would have turned the medium yellow (since phenol red works at very narrow range of pH 6.4--8.0).

To visualize the SIINFEKL/K^b^ complex density on the BMDC surface, 1 × 10^6^ cells were cultured on 2.2 cm round collagen I-coated coverslips (BD Biosciences, Bedford, MA) in one well of a 6-well plate and incubated with 0.5 mg of the nanoparticles in 2 mL of medium for 6 h. After washing with PBS twice, the cells were fixed with 1% paraformaldehyde buffer, followed by washing with PBS + 5% FBS. Cells were further incubated for 1 h at 4 °C with a 25-D1.16 monoclonal antibody (mAb) supernatant produced from B cell hybridoma, which was gifted from Dr. Ronald Germain (NIAID, NIH, Bethesda, MD) [@bib17]. After washing with PBS + 5% FBS, 1 μg of R-phycoerythrin(PE)-conjugated goat anti-mouse polyclonal antibody (Pharmingen, San Diego, CA) was added in 1 mL of PBS + 5% FBS, and the cells were incubated for an additional hour at 4 °C. After washing twice, the coverslip was placed on a glass slide and examined using a LS450 laser-scanning confocal microscope (Carl Zeiss, Thornwood, NY).

2.5. Endocytosis and cytotoxicity assay
---------------------------------------

Ovalbumin was conjugated with fluorescein-like pH-insensitive Alexa Fluor 488 succinimidyl ester (Molecular Probes). BMDCs were incubated with 0.5 mg of labeled ovalbumin-loaded nanoparticles per well of a 6-well plate for 1 h, washed, trypsinized, and analyzed using a Beckman-Coulter EPICS XL-MCL flow cytometer. The kinetics of endocytosis by BMDCs were determined by examining the mean channel value, which is the average fluorescence intensity above threshold level (i.e., fluorescence by untreated cells as a reference). To test for cytotoxicity, 5 × 10^4^ BMDCs per well of a 96-well plate were incubated with various amounts of acid-degradable cationic nanoparticles for 6 h. After extensively washing three times with the medium, the cells were cultured for additional 48 h. The medium was aspirated, and 10 μL of a stock solution containing 10 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) in PBS was added along with 90 μL of medium, followed by further incubation for 3 h at 37 °C. The reduced MTT-formazan product generated by live cells was dissolved in 200 μL of dimethylsulfoxide, and 20 μL of glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5) was added. Relative viability of the cells incubated with nanoparticles to untreated cells was determined by measuring the MTT-formazan absorbance at 561 nm.

2.6. Nucleic acid-coated nanoparticles
--------------------------------------

Immunostimulatory unmethylated CpG oligonucleotide (CpG ODN) 5′ TCCATGACGTTCCTGACGTT 3′ [@bib18] and anti-IL-10 oligonucleotide (AS10 ODN) 5′ CATTTCCGATAAGGCTTGG 3′ [@bib19] were synthesized using an Expedite 8909 DNA synthesizer (Applied Biosystems, Foster City, CA). A solution of 10 μg of CpG ODN in 0.5 mL of PBS was mixed with 0.5 mL of 10% cationic ovalbumin-encapsulating nanoparticles (0.5 mg/mL) and incubated on ice for 10 min with periodic mixing. The nanoparticles were washed by resuspending in 1 mL of the medium after centrifugation at 14,000 rpm for 30 s twice. A solution of 100 μL of the resuspended nanoparticles in the medium was added per well of a 96-well plate, where 5 × 10^4^ BMDCs had been inoculated the day prior. AS10 ODN (20 μM) was adsorbed in the same manner as for CpG ODN. After 24 h of cultivation, the amount of interleukin-12 (IL-12) and IL-10 produced was quantified using an enzyme-linked immunosorbent assay (ELISA) kit (Pierce, Rockford, IL).

2.7. Data analysis
------------------

Data were obtained in triplicate unless otherwise mentioned and are presented as mean ± standard deviation, and further statistically analyzed by the student *t*-test on the significance level of *p*  \< 0.05.

3. Results
==========

3.1. Synthesis of cationic nanoparticles degradable at lysosomal pH
-------------------------------------------------------------------

The acid-degradable cationic nanoparticles were synthesized by inverse microemulsion polymerization of acrylamide **1**, quaternary amine monomer AETMAC **2**, and acid-labile acetal cross-linker **3** using a modification of the method reported previously [@bib11], [@bib12] ([Fig. 1](#fig1){ref-type="fig"} ). The microemulsion was achieved by vigorous shaking instead of sonication, as the latter may potentially damage the encapsulated molecules. Since it was found that particles pelleted by centrifugation were not always readily resuspended in aqueous solutions, the nanoparticles were harvested by precipitation using gravity only. After treating with acetone, the surfactants present on the surface of the particles were washed away and the cationic surfaces were exposed to non-polar hexane solvent. Following settling of visible clumps of aggregated particles a second acetone wash was performed to remove the proteins on the surface of the particles. The degree of cationic surface charge was easily manipulated by varying the ratio of acrylamide to AETMAC monomers ([Table 1](#tbl1){ref-type="table"} ). Although increased antigen presentation has been achieved using acid-degradable particles, and facilitated internalization of cationic molecules has also been reported. This study is, to our knowledge, the first to explore the simultaneous realization of both of these major goals.Fig. 1Preparation of cationic acid-degradable nanoparticle by polymerization of acrylamide and a cationic monomer with cleavable acetal cross-linker. Under the acidic conditions found in the lysosome, the cross-linkers are cleaved thus releasing the encapsulated antigens.Table 1Formulation of various acid-degradable nanoparticles and ovalbumin encapsulation efficiencyCationic ratio \[x / (x + y)\](%)[a](#tblfn1){ref-type="table-fn"}Encapsulation efficiency (μg ovalbumin/mg nanoparticles)032.34 ± 0.35543.88 ± 1.911040.60 ± 3.812029.32 ± 0.10[^2]

3.2. Characterization of acid-degradable cationic nanoparticles
---------------------------------------------------------------

The size of various cationic and neutral nanoparticles in PBS was measured using dynamic light scattering. Regardless of the cationic monomer ratio, the DLS results showed that the size of particles ranged between 180--230 nm in diameter ([Fig. 2](#fig2){ref-type="fig"}a), which bridges the size regimes for pinocytosis and phagocytosis [@bib20]. Transmission electron microscopy (TEM) also confirmed the size distribution, giving an average diameter of 217 ± 49 nm ([Fig. 3](#fig3){ref-type="fig"} ). Therefore, the particles are expected to be taken up exclusively by phagocytic cells (e.g., macrophages and dendritic cells) in a size-dependent passive targeting. Since a reduced uptake of latex particles larger than 280 nm by DCs was reported previously [@bib21], the smaller particles prepared here can be efficiently taken up by DCs. Although particles with 10% and 20% cationic monomer displayed a slightly smaller diameter, the content of cationic monomer did not significantly affect particle size distributions ([Fig. 2](#fig2){ref-type="fig"}a). A similar size distribution was observed with non-degradable nanoparticles prepared in similar fashion. As expected, zeta potential, or relative positive charge density, increased as the ratio of cationic monomer to acrylamide was increased ([Fig. 2](#fig2){ref-type="fig"}b).Fig. 2Analysis of cationic acid-degradable nanoparticles: (a) size (Z-average) measured by dynamic light scattering particle sizer with the polydispersity index (PDI) given above each bar; (b) surface charge by zeta-potential analyzer.Fig. 3Transmission electron micrograph of the nanoparticles made with 10% cationic monomer (% with respect to acrylamide). Nanoparticles with different formulations also showed the similar size distribution. The scale bar represents 1 μm.

Antigen payload was determined by hydrolysis of the acid-degradable nanoparticles containing encapsulated cascade blue labeled-ovalbumin. The highest ovalbumin payloads were achieved with particles prepared with 5% and 10% cationic monomers, resulting in encapsulation efficiencies of 43.88 and 40.60 μg/mg, respectively ([Table 1](#tbl1){ref-type="table"}). Neutral and 20% cationic acid-degradable nanoparticles exhibited 25% lower encapsulation efficiencies compared to the 5% and 10% cationic nanoparticles. The amount of encapsulated proteins in non-degradable particles cannot be determined using the method used with degradable particles (due to the lack of degradability of the former). Spectroscopic data obtained with the non-degradable and degradable particle solutions after incubation in NaOH solution were very close. This suggests that the amounts of encapsulated protein are comparable in the non-degradable and the degradable particles.

3.3. Enhanced antigen presentation on MHC class I by DCs using acid-degradable nanoparticles
--------------------------------------------------------------------------------------------

For effective CTL activation, antigens must be presented by MHC I molecules carrying the antigen-derived peptides that have been processed in the cytoplasm. To determine if the acid-degradability of the particles increases the release of encapsulated protein into the cytosol and, hence, increases antigen presentation by MHC I, acid-degradable and non-degradable particles with various cationic ratios were prepared and incubated with BMDCs. The relative amounts of ovalbumin-derived peptide SIINFEKL with K^b^ (MHC I) presented by BMDCs were quantified by cultivation with the B3Z hybrima T cell line. Overall, more SIINFEKL peptides were presented with MHC I after delivery in acid-degradable nanoparticles than in non-degradable ones ([Fig. 4](#fig4){ref-type="fig"} ). Therefore, acid-degradability aids in the release of ovalbumin into the cytoplasm, where proteins are cleaved by proteasomes, and integrated with MHC I in the endoplasmic reticulum (ER). This is because it is thought that the particles are taken up by APCs through phagocytosis then transferred to the acidic lysosome. The acid sensitivity of the cross-linker holding the particles together not only helps to release protein from the particle, but also their delivery to the cytoplasm [@bib12]. Ovalbumin encapsulated in non-degradable particles is expected to be released more slowly and would therefore be more susceptible to degradation by the proteases present in the lysosome.Fig. 4Antigen presentation by BMDCs incubated with ovalbumin-encapsulating (a) acid-degradable and (b) non-degradable nanoparticles with various cationic ratios.

More peptides were presented when delivered in neutral acid-degradable nanoparticles at high concentration (i.e., 250--500 μg/well), while 10% and 20% cationic nanoparticles were more effective in antigen delivery and presentation at lower concentrations (25--50 μg/well). The 10% cationic nanoparticles showed the highest efficiency of SIINFEKL presentation on K^b^ at the concentration of 50 μg/well ([Fig. 4](#fig4){ref-type="fig"}a). The lowest antigen presentation---even lower than with neutral particles---was observed with 5% cationic nanoparticles, at the concentrations of 5--50 μg/well. No detectable antigen presentation was seen using 20% cationic nanoparticles at the concentration of 250 μg/well, whereas the neutral particles showed maximum presentation at this same concentration ([Fig. 4](#fig4){ref-type="fig"}a). With non-degradable nanoparticles, antigen presentation levels were higher for cationic particles than for neutral particles at concentrations of 5--50 μg/well ([Fig. 4](#fig4){ref-type="fig"}b). The maximum antigen presentation for non-degradable particles was achieved by using 10% cationic particles at the concentration of 50 μg/well, as was the case with the acid-degradable particles. Thus it appears that 10% cationic acid-degradable nanoparticles used at the concentration of 50 μg/well constitute the most potent antigen delivery system to BMDCs.

Staining BMDCs with SIINFEKL/K^b^-specific mAbs clearly showed an increase in antigen presentation using the acid-degradable nanoparticles ([Fig. 5](#fig5){ref-type="fig"} ). Without particles, the cells themselves exhibit a minimal amount of autofluorescence ([Fig. 5](#fig5){ref-type="fig"}a). Encapsulation of ovalbumin in acid-degradable particles increases the signal observed by the fluorescent antibody, indicative of a higher concentration of SIINFEKL peptides being presented at the cell surface. The highest fluorescence signal was observed when the BMDCs were exposed to 10% acid-degradable cationic nanoparticles rather than neutral particles ([Fig. 5](#fig5){ref-type="fig"}c). These results correlates with the antigen presentation data given in [Fig. 4](#fig4){ref-type="fig"}, in which the 10% cationic particles also exhibit a higher presentation than the neutral particles at the concentration of 50 μg/well.Fig. 5Laser-scanning confocal micrographs of BMDCs stained with SIINFEKL/K^b^ specific monoclonal 25.D1-16 antibodies after incubated (a) without nanoparticles, (b) with ovalbumin-encapsulating acid-degradable neutral nanoparticles, and (c) acid-degradable 10% cationic nanoparticles for 6 h (magnification of × 800).

3.4. Increased endocytosis of cationic nanoparticles
----------------------------------------------------

To assess the usefulness of the cationic carriers for enhanced cellular uptake, cationic and neutral acid-degradable nanoparticles encapsulating ovalbumin labeled with pH-insensitive fluorescent dye Alexa Fluor 488® were incubated with BMDCs for 1 h, followed by flow cytometry analysis. Cells incubated with cationic nanoparticles showed a higher fluorescence intensity, indicative of more internalized particles, than the cells incubated with neutral nanoparticles ([Fig. 6](#fig6){ref-type="fig"} ). Some of the cells (∼20%) incubated with neutral nanoparticles showed higher fluorescence than the others, possibly an artifact of the polydispersity of the particles. The cells that take up larger particles, most likely containing more of the fluorescent ovalbumin, showed higher fluorescence intensity (see the arrow on [Fig. 6](#fig6){ref-type="fig"}a). The particle uptake kinetics showed that increased endocytosis of cationic nanoparticles occurred throughout the incubation period of 1 h ([Fig. 6](#fig6){ref-type="fig"}c). The fluorescence reached a plateau after 1 h because all of the protein had been processed. Typically, an antigen is degraded and processed inside a cell within a timeframe of 0.5--3 h. The saturation of uptake corresponding to the plateau in fluorescence might be mainly due to the balance between the endocytosis and antigen processing. It should be noted that the fluorescence measurements gave similar results when performed after 1 h with gentle mixing every 15 min (data not shown).Fig. 6Endocytosis of (a) acid-degradable neutral nanoparticles and (b) acid-degradable 10% cationic nanoparticles by BMDCs after 1 h incubation, and endocytosis kinetics of (c) acid-degradable 10% cationic nanoparticles and neutral nanoparticles by BMDCs. Arrow indicates the cells with higher fluorescence intensity possibly due to uptake of larger particles.

3.5. Cytotoxicity of cationic nanoparticles
-------------------------------------------

At high concentration of acid-degradable nanoparticles, decreased antigen presentation was observed, as shown in [Fig. 4](#fig4){ref-type="fig"}. This result could be due to the cationic nature of the particles. Cationic delivery vehicles such as polyethyleneimine (PEI) and poly-[l]{.smallcaps}-lysine (PLL) have been shown to inhibit cellular viability and proliferation, even though they are efficiently taken up by cells [@bib22]. To determine the toxicity of our delivery system, acid-degradable cationic nanoparticles were incubated with BMDCs for 6 h, and the relative viability was quantified using the conventional MTT assay. Results showed that the cytotoxicity of the nanoparticles increases with concentration regardless of the cationic ratio ([Fig. 7](#fig7){ref-type="fig"} ). Even 20% decreased viability was observed with neutral nanoparticles at the highest concentration of 500 μg/well, where antigen presentation was dramatically decreased ([Fig. 4](#fig4){ref-type="fig"}a). Possible explanations for the observed cytotoxicity of neutral acid-degradable nanoparticles include: (i) the existence of a threshold amount of particles that can be processed without retarding cellular proliferation; (ii) the intrinsic toxicity of polyacrylamide in the cell; and (iii) the cytotoxicity of the benzaldehyde released after hydrolysis. The 10% and 20% cationic nanoparticles, especially the 20% sample, showed significant cytotoxicity at the concentrations of 250 and 500 μg/well ([Fig. 7](#fig7){ref-type="fig"}) with decreased antigen presentation ([Fig. 4](#fig4){ref-type="fig"}a). However, at the concentration of 50 μg/well, comparable cytotoxicity of neutral and 10% cationic nanoparticles was observed, while 20% cationic nanoparticles showed significantly lower proliferation. Given these toxicity and antigen presentation studies, the most efficient cationic delivery system at a reasonably acceptable concentration appears to be that with 10% cationic monomer at a concentration of 50 μg/well equivalent to 0.25 mg/mL. These particles displayed the highest antigen presentation ([Fig. 4](#fig4){ref-type="fig"}a), with high proliferation ([Fig. 7](#fig7){ref-type="fig"}), and a more efficient uptake due to the positive surface charge ([Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}).Fig. 7Cytotoxicity of acid-degradable nanoparticles with various cationic ratios at different concentrations.

3.6. Cytosolic release and DC maturation by degradable nanoparticles
--------------------------------------------------------------------

In order to visualize the fate of the proteins taken up in the lysosomal compartment and their eventual release into the cytoplasm, DCs were incubated with fluorescently labeled nondegradable and acid-degradable 10% cationic nanoparticles. As can be seen in [Fig. 8](#fig8){ref-type="fig"} , the intracellular fate of the two different types of nanoparticles was quite different. Ovalbumin fluorescently labeled with Alexa Fluor 488®, then encapsulated and delivered via nondegradable particles was observed to remain confined within a restricted intracellular area ([Fig. 8](#fig8){ref-type="fig"}a, dark arrow). In contrast fluorescence was observed throughout the cells incubated with labeled acid-degradable particles ([Fig. 8](#fig8){ref-type="fig"}b). It was also noticed that nondegradable particles tended to form aggregates, which were not observed with degradable particles ([Fig. 8](#fig8){ref-type="fig"}a, white arrow). This is because the degradable particles made with the tetraglyme-conjugated cross-linkers possess enhanced dispersibility as reported previously [@bib13].Fig. 8Combined differential interface-contrast (DIC) and laser-scanning confocal micrographs of BMDCs incubated with 10% cationic nondegradable (a) and acid-degradable nanoparticles (b) for 6 h. Intracellular particle location was confirmed by varying focus planes.

The morphologies of BMDCs incubated with 10% cationic nondegradable or degradable particles indicated a very unexpected effect of the particle degradability on DC maturation ([Fig. 8](#fig8){ref-type="fig"}). Immature DCs are specialized in antigen capture whereas mature DCs present degraded peptides with upregulated MHC II, and costimulatory and adhesion molecules. One of the typical features of mature DCs is the unique morphology with long and thin dendrites, which are thought to be advantageous for maximizing antigen presentation and T cell junctions. Very interestingly, BMDCs incubated with 10% cationic degradable nanoparticles displayed a highly dendritic surface ([Fig. 8](#fig8){ref-type="fig"}b), while similar dendritic cells incubated with 10% cationic nondegradable particles showed an immature stellate shape ([Fig. 8](#fig8){ref-type="fig"}a). This observation suggests that degradable particles enhance antigen presentation not only by releasing encapsulated proteins into the cytoplasm but also by triggering DC maturation. Although lysosomal disruption by acid-degradable particles seems to cause BMDC maturation, a mechanism for this event is not clear at this time. Obviously, DC maturation would constitute another advantage for the use of acid-degradable vaccine carrier as a result of such enhanced immune activation.

3.7. Delivery of CpG and anti-IL-10 oligonucleotides for maximized immune response
----------------------------------------------------------------------------------

DCs bridge the innate nonspecific immune system and the highly specific adaptive immunity through several mechanisms, one of which is mediated by Toll like receptors (TLR) that recognize unique molecular patterns of pathogens and activate cellular pathways required to functionalize the immune responses. Immunostimulatory unmethylated CpG ODN was coated on the acid-degradable 10% cationic nanoparticles and incubated with BMDCs for 24 h. Activation of the DCs was then quantified by IL-12 secretion, which polarizes CD4^+^ T helper cell type 1 (T~H~1) differentiation rather than T~H~2 and eventually assists in CTL activation. [Fig. 9](#fig9){ref-type="fig"}a clearly illustrates that BMDCs produced at least 10 times more IL-12 after incubation with CpG ODN-coated acid-degradable nanoparticles than controls of cells alone, BMDCs incubated with free CpG ODN, or the nanoparticles without CpG ODN. Similarly, AS10 ODN was adsorbed onto the cationic acid-degradable nanoparticles. The secretion of IL-10, an antagonist cytokine to IL-12, by BMDCs was inhibited by delivery of AS10 ODN. A 60% decrease in IL-10 secretion was observed when the oligonucleotide was combined with cationic nanoparticles ([Fig. 9](#fig9){ref-type="fig"}b). Therefore, the formulation of acid-degradable cationic nanoparticles can be tuned to produce the maximum CTL-mediated immune response by stimulating IL-12 secretion and inhibiting IL-10 expression by DCs.Fig. 9(a) Secretion of IL-12 by BMDCs incubated with acid-degradable 10% cationic nanoparticles coated with unmethylated CpG oligonucleotide (CpG ODN) and (b) IL-10 secretion by BMDCs incubated with 10% cationic nanoparticles coated with anti-IL-10 oligonucleotides (AS10 ODN) for 24 h.

4. Discussion
=============

Numerous interesting studies have been carried out since vaccines have been reconsidered as a preventive and therapeutic tool against cancer, one of the major causes of death in western societies. However, it was discovered that simply injecting cancer antigens was not sufficient to activate an anti-cancer immune response, as not only cancer cells but also normal cells express the same antigen (i.e., cancer-associated antigen) [@bib5]. Frequently, cancer cells downregulate MHC molecules so that expression of cancer antigens is insufficient [@bib23]. Once established, cancer cells also secrete cytokines and form new rigid tumor tissue as a defense against immune attack [@bib24]. Therefore, developing an efficient cancer vaccine is urgently needed. As more knowledge and understanding of cancer becomes available, and as more unique cancer antigens are identified, the design of an effective antigen delivery vehicle becomes more critical. The ideal carrier should possess the properties of specific targeting, efficient antigen delivery, activation of proper immune responses, facile and inexpensive preparation, and simple administration and storage.

In this study, acid-degradable cationic nanoparticles have been used to deliver a model antigen, ovalbumin, to BMDCs. More evidence has been accumulated indicating that DCs play pivotal roles in orchestrating immune responses: activation and tolerance [@bib25], [@bib26]. DCs reside in antigen-encountering areas, such as under the skin and the mucosal layer. After antigen uptake and maturation, DCs migrate to lymphoid organs such as the spleen and lymph nodes and activate naïve T and B cells by very efficiently presenting antigen-derived peptides with costimulatory molecules, resulting in the secretion of cytokines at high concentrations upon activation [@bib27], [@bib28]. DCs are also more susceptible than other cells to viral infections like human inmmunodeficiency virus type 1 (HIV-1) and severe acute respiratory syndrome (SARS) coronavirus so that viral antigens are presented efficiently [@bib29], [@bib30]. It has also been shown that DCs link innate immunity with adaptive immunity. Therefore, it is a general consensus that the targeting and priming of DCs is a critical target for the development of a successful vaccine strategy.

It was demonstrated that acid-degradable nanoparticles are significantly more effective in antigen presentation by MHC I than non-degradable nanoparticles ([Fig. 4](#fig4){ref-type="fig"}). A possible explanation for this finding is that more proteins are released into cytoplasmic space with the acid-degradable particles than is the case with the non-degradable ones. It was previously hypothesized that release of the small molecule aldehyde after hydrolysis might destabilize the lysosomal membrane due to increased osmotic pressure [@bib12], followed by cytosolic release of the antigen. In addition, the swelling effect of the hydrogel nanoparticles resulting from the cross-linker cleavage may also contribute to the more facile release as swelling could lead to a leaky lysosomal membrane structure. However, more studies must be undertaken to clarify the cellular behavior of acid-degradable particles since there is still a dearth of supporting evidence for endosomal (or lysosomal) escape of extracellular molecules. For example, it was believed that a polycationic polymer (e.g., PEI) aided in endosomal escape by the proton sponge effect. However, this theory was recently criticized by some studies with various protonated groups indicating no difference in endosomal escape [@bib31], [@bib32]. As shown in [Fig. 8](#fig8){ref-type="fig"}, the degradability of the particles favors distribution of the antigenic payload throughout the cytoplasmic space, thereby contributing to more efficient presentation of antigen-derived peptides through DC maturation. Another possible explanation of the enhanced antigen presentation is the protection of proteins from lysosomal degradation in the encapsulated microenvironment of the nanoparticles, slowing or even negating the effect of proteases and minimizing exposure to the degrading conditions of the lysosome as a result of fast release into the cytoplasm. Therefore, more proteins would be successfully processed in the cytoplasm and presented on MHC I molecules.

Cationic molecules are well known to be easily internalized by most cells, including phagocytes such as macrophages and DCs, due to the attractive interactions with negatively charged proteoglycans on the cell surface [@bib33], [@bib34]. It has also been shown that relatively large cationic particles, even as large as a few microns in diameter, could be taken up by DCs very efficiently [@bib35], [@bib36]. Our cationic nanoparticles are designed to be efficiently endocytosed to help increase delivery efficiency since the more antigen proteins are delivered, the more antigen-derived peptides will be presented, therefore increasing the probability of encounter with T cells.

A drawback with cationic molecules is their cytotoxicity and therefore the amount administered must be kept to a minimum, which may result in low efficiency. However, it was demonstrated in this study that the cationic nanoparticles could deliver ovalbumin more efficiently than neutral ones while the toxicity of the two types of nanoparticles remained comparable at low concentration (i.e., 25--50 μg in 200 μL).

In addition to the advantage of using a cationic carrier for increased endocytosis, the cationic surface of the particle can adsorb anionic molecules such as DNA and negatively biased proteins. In previous studies, polylactide-*co*-glycolic acid (PLGA) particles coated with cationic surfactant effectively adsorbed plasmid DNA and oligonucleotides [@bib37], [@bib38], [@bib39]. It was also shown that GM-CSF, which has isoelectric points of 4.6--4.9, was adsorbed and delivered on cationic particles [@bib40]. The nanoparticles used in this study have also demonstrated the ability to adsorb negatively charged DNA and the cationic surface ratio was easier to modulate with these nanoparticles than was the case with previously reported systems.

Due to the progress in immunology, it has been revealed that an immune response is the result of the cell--cell interactions in very complicated networks under strict control. This response is mediated by surface molecules (e.g., receptors) and/or secreted macromolecules (e.g., cytokines). Once an unmethylated CpG DNA binds to TLR9 located under the cell surface and migrates to an endosomal or lysosomal compartment, APCs are activated to secrete cytokines (e.g., IL-12) and to upregulate costimulatory surface molecules (e.g., B7) [@bib41], [@bib42]. A recent study reported that TLR also regulates the maturation of the phagosome [@bib43]. Therefore, delivering CpG DNA helps CTL activation by upregulating costimulatory molecules on the DC surface and encouraging the secretion of T~H~1-polarizing IL-12. This directed immunostimulatory response can be maximized by suppressing antagonistic IL-10 secretion, for example, which can be accomplished by delivering antisense oligonucleotides, as shown in this study ([Fig. 9](#fig9){ref-type="fig"}). Interestingly, some studies have indicated that the cross-presentation---presentation of extracellular antigen by MHC I---of CpG DNA-conjugated proteins was induced by DCs [@bib44], [@bib45]. This means that CpG DNA helps not only to stimulate innate immunity but also amplifies CTL-mediated immunity (or cellular immunity) rather than humoral immunity by cytokine release and cross-presentation. Therefore, it is expected that the cationic nature of the acid-degradable nanoparticles used in this study can be very useful as cancer vaccine carriers capable of adjusting immune responses.

5. Conclusions
==============

Cationic acid-degradable nanoparticles can be used as carriers of a model antigen-ovalbumin---for protein-based vaccine development. The enhanced MHC I-mediated antigen presentation that is observed appears to be related to the acid-degradability of the particles. Cationic particles are endocytosed more efficiently than neutral ones, although the amount and cationic density of the particles requires optimization due to the innate cytotoxicity of cationic species. Finally, maximized cellular immunity can be achieved by delivering antigens with adjuvant nucleotides adsorbed onto the cationic surface of the acid-degradable particles.
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